This paper proposes a new Electro-Magnetic-Suspension (EMS) system, which has the ability of self-banking in curve section. This new EMS system can tilt automatically corresponding to the magnitude of the centrifugal force. Four hybrid-magnets (HMs) -a combination of permanent and electro-magnets -are used to guide and suspend a vehicle simultaneously in a manner different from that of a conventional EMS system, which acquires the necessary force from a guidance system while running in a tight curve. The Nearly-Zero-Power control method is applied to minimize energy consumption of the HMs. Five degrees of freedom are considered during the simulation and the experiment. The results of the simulation and the experiment demonstrate that this new EMS system has the ability to tilt automatically corresponding to the magnitude of the centrifugal force and nullify the constant disturbance forces applied in five directions using only the attractive forces of the permanent magnets (PMs) in the HMs and the earth's gravity.
Introduction
A significant feature of the technology of an ElectroMagnetic-Suspension (EMS) system is that it is applicable to frictionless and contactless conveyor systems and passenger vehicles at any speed. Reliability, low energy requirements, and the elimination of noise, have contributed to the increasing popularity of EMS. A magnetic levitation vehicle (Maglev), requires such functions not only for levitation but also for the purpose of tilting control in order to nullify the effect of centrifugal force when running in a curve, and guidance control in order to ensure that Maglev follows the guide way.
The EMS Maglev system proposed until now mainly discussed the function of levitation and propulsion. However, the usual examples have been considered as independent equipment for levitation, guidance, and a tilting control mechanism (1) , (2) . Therefore, the entire structure of the conventional EMS Maglev system becomes complicated and may lead to failure in terms of cost and reliability at the time of practical application.
This study proposes a new Maglev system with automatic tilting (self-banking) control that corresponds to the magnitude of centrifugal force when running in a curve by designing a new mechanism. The proposed new mechanism makes the EMS system work not only as a levitation function but also a guidance function at any time. Moreover, in order to minimize energy consumption in the new system, the authors apply the Nearly-Zero-Power control method (3) , (4) to bring the control current of HMs as close to zero as possible by feeding back the integration of the control current.
The new Maglev system automatically adjusts its position with respect to the rail with five degrees of freedom to nullify the effect of the disturbance force using gravity and the attractive forces of PMs alone. In the steady state, the new EMS system supports the weight of Maglev by the attractive forces of the PMs alone. The results of the simulation and the experiment verify the capabilities of the proposed new EMS Maglev system.
Nomenclature
φ p1 : Tilting (banking) angle r m1 : Distance from the center of the rail to the mass center of Maglev ∆r m1 : Maglev's heave displacement to rail (at balance point: ∆r m1 =0) φ b1 : Maglev's rolling displacement to rail (turn x 1 ) θ b1 : Maglev's pitching displacement to rail (turn y 1 ) ψ b1 : Maglev's yawing displacement to rail (turn z 1 ) i n : Control current of hybrid magnets (n = 1, 2, 3, 4)
Proposed System

1 Analytical model
The EMS Maglev system proposed in this study is shown in Figs. 1 and 2 . The Maglev vehicle is composed of a body (mass), four HMs, and four gap sensors. The Maglev vehicle is suspended and runs under a rail with a circular cross section that is different from that of conventional systems. With circular cross-section of the rail, the Maglev vehicle can tilt automatically (self-bank) corresponding to the centrifugal force caused by running in a curve. It is possible to stabilize the EMS system by using the feedback control of gaps between the HMs and the rail.
The hybrid magnets obtained by combining a permanent magnet with a U-shaped electromagnet are used in this new system to reduce the energy consumption by supporting the total weight of the Maglev by the attractive forces of the PMs.
2 Fundamental characteristics of the system
The new Maglev vehicle has five degrees of freedom, excluding the traveling direction. Although it is possible to stabilize the EMS system by measuring the state variable of each degree of freedom, in order to minimize the number of sensors used, this study proposes a method to make the system levitate stably by using only four gap sensors between the four HMs and the rail thus measuring and feeding back the gap data. Before setting the coordinate systems used to deduce the motion equation, it is important and necessary to analyze the physical characteristics of the Maglev system.
The rail of the proposed system has a circular crosssection. If it is induced to levitate stably, the Maglev vehicle will return to the point of equilibrium naturally, like a pendulum, because of the working of the earth's gravitational force. The four degrees of freedom of the Maglev vehicle to the rail, i.e., heaving, rolling, pitching, and yawing motion, are unstable. However, the degree of freedom -the tangential of the rail (tilting direction) -is a stable mode. To make the Maglev levitate stably, it is necessary to stabilize the four unstable modes. The coordinate systems used in this study are shown in Figs. 1 and 2. It constitutes the tilting angle (stable mode) and four unstable modes of the rail (heave, roll, pitch, and yaw).
3 Equations of Motion equation
The linear equations of motion are given by Eq. (1).
where 
By settingX = X TẊT T
, the state-space equation of the system is calculated as:
where
The state-space Eq. (3) is used for carrying out the simulations of the proposed new Maglev system.
4 Separation of the unstable mode
In order to minimize the number of sensors, the unstable modes (heave, roll, pitch, and yaw) of the Maglev system are separated from the state-space Eq. (3), and the following equation is obtained as a state-space equation derived using only unstable modes:
wherê 
5 Control method
In order to stabilize the levitation system and minimize the consumption of energy, this study applies the optimal control method to determine the feedback gains. The state vector of Eq. (4) is fed back to stabilize the unstable modes, and the integration of the control current is fed back so as to reduce the control current of every HM to almost zero so as to reduce energy consumption. Therefore, the stabilizing feedback gain and the NearlyZero-Power feedback gain are made available by minimizing the cost function as given by Eq. (5) using the optimal control method.
wherê
6 Poles and control rules
The EMS system is an unstable system with unstable poles. Since the proposed Maglev system with self-bank control in this study is also an EMS system, it is an unstable system. Table 1 shows the poles of the proposed Maglev system without stabilization control. The poles p1 and p2 are the poles of a vibration mode caused due to the pendulum motion using the circular cross-section of rail. The poles p3 to p10 are the four unstable modes caused by the magnetic force of the four PMs combined with the HMs. This study obtains the control rule for the new Maglev system by using the optimal control method, which is able to deal with a multivariable system. Table 1 Poles without control Table 2 Stabilizing control rule   Table 3 Poles with stabilizing control
The feedback law used in experiments is shown in Table 2. Table 3 shows the poles of the new Maglev system using the feedback law as shown in Table 2 . The poles p1 and p2 in Table 3 are the modes of pendulum vibration caused by the circular cross-section of rail. The frequency of the vibration mode depends on the distance (such as the length of a pendulum's arm) from the center of the arc rail to the Maglev's mass center. The frequency of the vibration mode decreases slightly after being subjected to stabilization control. The reason for the decrease in the vibration frequency is that the damping effect in the tilting direction has been produced using stabilization control. 
Experimenal Equipment
In order to analyze the characteristics of the proposed new EMS Maglev system and verify the possibility of its application as a real system, the authors have designed and constructed a complete vehicle model for experimental purposes.
The specifications of the EMS Maglev system for the experiment are shown in Table 4 . Figures 4 and 5 are the images of the Maglev model used in the experiments. In the experiments, the state vector is calculated on the basis of the signals from the four gap sensors using the conversion Eq. (6). The gap differential is calculated using a personal computer.
The gap sensors, which should be small, light, and low cost, are made of photo-reflectors and placed at the center of every HM. The most important aspect is that this system does not receive the same effect of a magnetic field as the usual eddy current type gap sensor; hence, it is possible to measure the gap at the magnet position. The banking angle of the Maglev vehicle is measured using an angular velocity sensor (gyroscope). 
Results of Simulation and Experiment
In order to analyze the characteristics of the new Maglev system with self-banking control, a step force (0.2 N) is added to the Maglev system in five directions as shown in Fig. 6 .
1 Effect of a step force in tilting direction
In order to analyze the effect of a step force on tilting direction in the Maglev vehicle, a simulation and experiment were conducted by adding a lateral step force (F 1 = 0.2 N) as shown in Fig. 6 . The results of simulation and experiment are shown in Fig. 7 . The tilting angle φ p1 of the Maglev vehicle converges to the point of equilibrium (−0.09 rad) with vibration. Like a pendulum, the Maglev vehicle automatically adjusts the point of equilibrium in response to the lateral force. Since the damping of the Maglev vehicle in the tilting direction is very small, the The current of HM vibrates with the tilting angle φ p1 and converges to zero. The Maglev vehicle adjusts the tilting angle in proportion to the lateral step force, and always nullifies the lateral step force using gravity and the forces of magnetic attraction between the PMs. The control current of HM is consumed only in order to maintain the stability of the system.
The vibration problem in tilting direction can be solved by applying an active vibration control system to the Maglev vehicle (5) .
2 Effect of a step force in heave direction
In order to analyze the effect of a step force on the heave direction in the Maglev vehicle, a simulation and an experiment were conducted by adding a heave step force (F 2 = 0.2 N) as shown in Fig. 6 . The results of the simulation and experiment are shown in Fig. 8 . The Maglev vehicle converges to its heave displacement to −0.28 mm without vibration. Additionally, the current of the HM converges to zero. The Maglev system automatically decreases the distance from the rail in order to increase the magnetic force of the permanent magnet in order to nullify the step load using only the magnetic force of the PMs. The control current of HM is consumed only in order to maintain the stability of the system.
3 Effect of a step torque in rolling
The simulation and the experiment were conducted by adding a step force (F 3 = 0.2 N) to the Maglev vehicle as shown in Fig. 6 . The added load deviated 32 mm from the mass center of Maglev in the y 1 direction is equivalent to a 6.4 × 10 −3 Nm torque in the rolling and a 0.2 N load in heave mode. The results of the simulation and the experiment are shown in Fig. 9 . As described previously in section 5.2, the equivalent load is nullified by the magnetic force of PMs alone. Responding to the 6.4×10 −3 Nm equivalent load in rolling, the Maglev rolls by −0.02 rad and the effect of the rolling load is nullified by the rolling torque caused by the PMs. There is a 2 Hz continuous oscillation in heave displacement, rolling angle, and control current. The oscilla- While the Maglev vehicle attained a new point of equilibrium, the current of the HM converged to zero again. The Maglev vehicle adjusts the distance between the rail and rolling angle, and always nullified the equivalent load using only the magnetic force of the PMs in proportion to the equivalent force in heave and equivalent torque in rolling mode. The control current of HM is consumed only in order to maintain the stability of the system.
4 Effect of a step torque in pitching and yawing
The effect of a step torque in pitching and yawing was also examined via simulations and experiments. The added load deviated by 60 mm from the mass center of the Maglev vehicle in the x 1 direction, which is equivalent to a −12 × 10 −3 Nm torque in pitching and a 0.2 N load in heave. For yawing input, a step force added at the point of equilibrium shifted 60 mm from the mass center of the Maglev vehicle in the x 1 direction with an equivalent 12 × 10 −3 Nm torque in yaw and a 0.2 N force in lateral (tilting). In both cases, the Maglev vehicle adjusts the pitching, tilting, and yawing angle to nullify the load by using only gravity and the magnetic force of PMs. The control current of HM flows in order to maintain the stability of the system.
5 Self-banking in curve
The result of the curving experiment in a tight curve is shown in Fig. 11 . The radius of the curve of the rail is 1 m and the rail is made of steel-pipe as shown in Fig. 10 .
In the curve, the speed of the Maglev vehicle was about 1 m/s. When the Maglev vehicle is running along the curve, the effect of the centrifugal force is equivalent to the effect of a lateral step force of the Maglev vehicle. Then, it is same as the phenomenon described previously in section 5.1. The tilting angle vibrates around the point of equilibrium, (0.1 rad). When the Maglev vehicle enters the curve, the self-banking mechanism is automati- 
Conclusions
This study proposed a new type of EMS Maglev system, which uses levitation, guidance, automatic tilting control, and the zero-power-control method. Numerical simulations and experiments were carried out and the following results were obtained:
( 1 ) This new Maglev system that has a rail with a circular cross section can automatically control the tilting motion depending upon the centrifugal force when running along the curve.
( 2 ) By separating and stabilizing the unstable modes (heave, roll, pitch, and yaw), this proposed system is successfully suspended under a rail with circular cross section using only four gap sensors.
( 3 ) This new Maglev system automatically adjusts the position to the rail with five degrees of freedom so that it always nullifies the disturbance force by using gravity and the magnetic force of PMs.
( 4 ) The new Maglev system is able to pass a tight curve without any exclusive guidance system.
( 5 ) Using the Nearly-Zero-Power control method helps to achieve both minimization of the energy consumption and stabilization of the new EMS system with self-bank control.
